Leukemias with MLL gene rearrangements occur most frequently in infants and as secondary malignancies and are associated with poor outcomes. Several studies have demonstrated that both human and murine MLL-rearranged leukemias have high expression of HOXA9 and MEIS1. 1-5 Recently, we found that the expression of 5Ј Hox-a genes and Meis1 in murine hematopoietic cells is proportional to the level of transformation, suggesting that the MLL-fusion gene induced overexpression of these genes is central to the pathogenesis of leukemia. 6 Wong et al have recently shown that retrovirally expressed MLL-fusion genes are incapable of transforming Meis1 Ϫ/Ϫ murine fetal liver cells. 7 In the current study, we report on Meis1 inhibition in murine Mll-AF9 knockin leukemia. The knockin model closely mimics the human disease because each cell contains a single copy of the gene, expressed from the endogenous promoter and the mice develop myeloid leukemia. 8 A cell line, derived from a leukemic Mll-AF9 knockin mouse with high Meis1 expression, was used in the current study. 9 We found that Meis1 is required for the growth and survival of Mll-AF9 leukemia cells in vitro and for growth of leukemia in vivo. Gene profiling data suggested mechanisms by which Meis1 might mediate these growth-and survival-promoting effects in this cell line. Finally, we show that human MLL-fusion gene leukemia cell lines also require MEIS1 for growth.
Introduction
Leukemias with MLL gene rearrangements occur most frequently in infants and as secondary malignancies and are associated with poor outcomes. Several studies have demonstrated that both human and murine MLL-rearranged leukemias have high expression of HOXA9 and MEIS1. [1] [2] [3] [4] [5] Recently, we found that the expression of 5Ј Hox-a genes and Meis1 in murine hematopoietic cells is proportional to the level of transformation, suggesting that the MLL-fusion gene induced overexpression of these genes is central to the pathogenesis of leukemia. 6 Wong et al have recently shown that retrovirally expressed MLL-fusion genes are incapable of transforming Meis1 Ϫ/Ϫ murine fetal liver cells. 7 In the current study, we report on Meis1 inhibition in murine Mll-AF9 knockin leukemia. The knockin model closely mimics the human disease because each cell contains a single copy of the gene, expressed from the endogenous promoter and the mice develop myeloid leukemia. 8 A cell line, derived from a leukemic Mll-AF9 knockin mouse with high Meis1 expression, was used in the current study. 9 We found that Meis1 is required for the growth and survival of Mll-AF9 leukemia cells in vitro and for growth of leukemia in vivo. Gene profiling data suggested mechanisms by which Meis1 might mediate these growth-and survival-promoting effects in this cell line. Finally, we show that human MLL-fusion gene leukemia cell lines also require MEIS1 for growth.
Methods

Cell culture
The 4166 cell line was established from a leukemic Mll-AF9 knockin mouse. The human cell lines were obtained from ATCC (Manassas, VA). 10 
Lentivirus shRNAs
Lentivirus short hairpin RNA (shRNA) clones were obtained from OpenBiosystems (Huntsville, AL); details are provided in the "Lentivirus" section in Document S1 (available on the Blood website; see the Supplemental Materials link at the top of the online article). For ease of description, these clones were designated M23, M24, M25, M26, and M27. The manually designed construct was labeled M1456.
Cell-cycle and apoptosis analysis by flow cytometry
The 4166 cells were transduced with Meis1 shRNA at multiplicities of infection (MOI) of 10 to 100, and the cells were harvested at days 2 through 5 after transduction. Nuclei were stained with propidium iodide (PI), and analysis of nuclear DNA content was performed using the CellQuest-Pro software (BD Biosciences, San Jose, CA). Apoptosis was detected using the CaspaTag caspase activity kit (Millipore, Billerica, MA) as described previously. 11
Western blotting and immunohistochemistry
Western blotting was performed using anti-Meis1 antibody (Upstate Biotechnology, Charlottesville, VA) with antiactin (Sigma-Aldrich, St Louis, MO) used as a loading control. Cell-surface marker expression was determined by immunohistochemistry as previously described. 9
Myeloid colony-forming assay Cells were cultured in methylcellulose medium under myeloid conditions, and colonies were counted and scored at 7 days as previously described. 
Gene expression analysis
RNA extraction and processing and data analysis were performed as in "Supplemental materials" in Document S1. Real-time quantitative reversetranscribed polymerase chain reaction (RT-PCR) was performed as before. 6 The data from this analysis can be found on the Gene Expression Omnibus under accession number GSE14101. 12 
Results
We first studied the effects of Meis1 knockdown in cell line 4166, established from a leukemic Mll-AF9 mouse. Of all the shRNA clones studied, 3 (M26, M27, and M1456) showed consistent Meis1 knockdown associated with significant inhibition of cell growth ( Figure 1A,B) . M26 was the most efficient and was therefore chosen for further studies. Knockdown of Meis1 expression was observed by real-time quantitative RT-PCR (P Ͻ .01, Figures S1A,B) and immunoblotting ( Figure  S1C ). Meis1-negative murine cell lines (C1498 and BaF3) showed no significant change in growth when transduced with M26 or vector control virus ( Figure S1D ). These results demonstrate that the 4166 cell line is specifically sensitive to Meis1 knockdown by 3 shRNAs.
The growth potential of myeloid progenitors was assessed by their ability to form colonies in semisolid media. 13 In 7-day cultures, M26-transduced cells formed significantly fewer colonies compared with vector-transduced cells ( Figure S2A ). Colonies formed by the MLL-fusion gene carrying hematopoietic cells display a dense morphology, indicative of a differentiation block. 9, 13 Meis1 knockdown resulted in reversal of this differentiation block in 4166 cells, as evidenced by a decrease in dense colonies compared with controls ( Figure S2B ). By light microscopy, Wright-Giemsa-stained 4166 cells reveal a blast-like morphology with a high nuclear-to-cytoplasmic ratio. With Meis1 knockdown, we observed appearance of monocyte-like morphology with an increase in cell size and a distinct increase in the amount of granular cytoplasm ( Figure 1C left panel) . These large cells stained positive for the monocyte marker F4/80, whereas control cells were negative ( Figure 1C right panel) . Overall, these results demonstrate that Meis1 is critical to the maintenance of an undifferentiated state in leukemic cells. 
org From
To discern the mechanisms by which Meis1 inhibition leads to reduced cell growth, we performed cell-cycle and apoptosis analyses. Flow cytometric analysis of PI-stained nuclei showed that Meis1 knockdown led to a cell-cycle arrest in the G 0 /G 1 phase. As shown in Figure 2A , M26-transduced cells showed an increase in G 0 /G 1 and a decrease in the proportions of S phase and G 2 /M nuclei. Meis1 knockdown also resulted in increased apoptosis, as evidenced by increased uptake of PI and a stain for activated caspases (CaspaTag) by M26-transduced cells compared with control cells (Figure 2A bottom  panel) . These results indicate that Meis1 is required for proliferation and survival of 4166 leukemia cells.
We next investigated the role of Meis1 in the initiation and maintenance of leukemia in vivo. Lethally irradiated mice were transplanted with 4166 cells untreated or 1 day after transduction with Meis1-shRNA or vector control lentiviruses. Mice were killed when displaying signs of leukemic progression. At necropsy, mice showed leukocytosis and splenomegaly, indicating an infiltrative acute leukemia. As shown in Figure 2B , most of the mice receiving untreated (9 of 9) or control vector-transduced (8 of 9) cells died of leukemia, whereas 80% of those receiving Meis1-shRNAtransduced cells (7 of 9) were alive and well at day 170 after transplantation. A survival analysis showed that Meis1-shRNA significantly delayed the development of leukemia in recipient mice ( Figure 2B ; P Ͻ .001, log rank test).
To characterize the molecular effects of Meis1 knockdown, we performed gene expression profiling of leukemia cells with and without Meis1 expression (see the "Gene expression analysis" section in Document S1). The results showed that Meis1 knockdown resulted in decreased expression of 808 genes (1053 probe sets, Table S1 ). Of note were genes regulating DNA replication and cell-cycle entry, including Cdk2, Cdk6, Cdkn3, Ccna2, Cdc7, Cdc42, Rbl1, and Wee1. [14] [15] [16] [17] To assess the significance of MEIS1 in human MLL-rearranged leukemia, we performed lentivirus-shRNA-mediated knockdown experiments with human leukemia cell lines with MLL rearrangements. As shown in Figure 2C , 5 different MLL-rearranged cell lines (MV4;11, RS4;11, MOLM13, SEMK2, and B1) showed decreased cell growth with MEIS1 knockdown, whereas the MEIS1-negative cell line HPB-NULL did not show growth inhibition.
Overall, our results demonstrate that Meis1 is central to the maintenance of murine Mll-AF9 and human MLL-rearranged leukemias. We also show that inhibition of Meis1 induces cellcycle arrest as well as cell death in these leukemia cells. Inhibition of MEIS1-regulated pathways is a promising approach to the development of future therapy.
